Plasmonically-enhanced and Schottky-based devices are very appealing candidates for sunlight energy-harvesting applications. However, this class of structures introduces inherent limitations such as thermionic emission (and the related dark current). In this paper, we theoretically propose to use the metal-semiconductor-metal heterojunction under bifacial mode. In this design, plasmonic periodic gratings are introduced in the bifacial configuration to allow This article is protected by copyright. All rights reserved collection of light from both faces of the solar junction. This results in an improved carrier generation and enhanced device performance of a cell with 3  m-thick Si absorber. Bifacial gain for short circuit current was found to be 88%. with a bifaciality factor (the ratio of rear to front response of the device) of 84%. By optimizing the filling fractions of front and rear plasmonic gratings, the obtained normalized output was able to become higher than 25%, i.e., it almost doubles the performance with the monofacial Schottky solar cell.
Introduction
With a continuous global growth and industrial development, the needs and requests for energy have reached unprecedented levels and may become unsustainable [1, 2] as the conventional finite energy-reserves are being drained at an alarming rate. In fact, it is believed that the production of oil has peaked and it will start declining in a decade or so [3, 4] while the production of uranium would peak as well in two decades [5] . Thus, there is a vital necessity to find new sources of energy.
Undoubtedly, solar energy is considered among the main compelling alternatives to solve this crisis.
For this reason, the research and development of solar cells has evolved remarkably and in numerous fronts over the past decade. Besides the economical factor, the field has been taking advantage from the exponential advances in nanotechnology and material sciences [6, 7] . As known, solar cell technologies rely heavily on the choice of proper materials.
Historically, the first ever successful fabrication of a Solar Cell (SC) was achieved in the 1950s [8, 9] , where it was primarily based on Silicon (Si). Then in the 1970s, a huge set of inorganic absorbers were considered to make cells that are more efficient. The most prominent technologies
This article is protected by copyright. All rights reserved that originated from these activities are cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) [9] solar cells. Since then, the space of absorbers has been expanding [10] . The most noticeable development in the recent years is the emergence of a family of hybrid perovskites solar cells. In just few years since they were first proposed (in 2009 [11] ), their efficiency surpassed the commercialization demarcation line and reached the 25.2% level [12] . However, there are other outstanding challenges associated with their stability and toxicity [13, 14] .
As aforementioned, photovoltaics (PV) could thus be one possible solution to the increasing demand for energy [15, 16] . However, before this comes to reality, there is a need to enhance the level of efficiency of actual solar cells (at least to 20%) and to reduce their cost to make it competitive in energy market. Plasmonic metamaterials could lift some of the present issues by offering the potential to design man-made nano-structured systems with optical characteristics that are optimized to respond in solar radiation spectral region [17] [18] [19] [20] [21] [22] . This field of research targets investigating the intriguing optical properties of two-dimensional (2D) and three-dimensional (3D) nano-structures, resulting from surface plasmon polaritons modes (SPP) [23] , that can lead to an improved light absorption (useful for designing solar cells with enhanced functionalities) [24] [25] [26] [27] [28] .
Thus these plasmonic structures showed to be very useful for light energy harvesting purposes, e.g. thermal photovoltaics [29] , thin film PV devices [30] , or even thermoelectrics [31] . These functions rely on the ability of metamaterials and SPPs to focus light and thus to absorb more incoming energy [32, 33, 34] .
In the same vein, Schottky-based solar cells can represent a viable alternative to p-n junction SC that rely on the diffusion of an impurity donor in a p-type substrate. On the contrary, Schottky-based solar cells need a single doped absorber layer as the junctions are formed with the contacts. This is a big advantage when it comes to the simplicity of fabrication and hence the cost.
Furthermore, by proper design and light management, the required thickness of the absorber can be reduced considerably. This shall allow reducing the cost further due to the smaller needed materials
This article is protected by copyright. All rights reserved and also the enhanced tolerance to faults. In solar cells, both optical and electrical performances of the device must be maintained. If the needed electronic transport lengths got smaller, smaller electronic conductivity would be required and hence the film quality could be tolerated. [22, [35] [36] [37] [38] [39] [40] .
Several approaches have been proposed in the recent years to exploit this class of PV cells, by exploiting, for instance, the use of plasmonic designs that results in an enhancement of the efficiency [19] [20] [21] [22] .
In this work, we explore the deployment of plasmonic and nanophotonic structures in bifacial modes, such as metamaterials, in order to realize cost-effective designs of SC with high-energy generation [22] . In particular, one interesting avenue to enhance the energy yield of Schottky PV cells, without considerably increasing the fabrication cost, is to use bifacial designs [41] [42] [43] . In principle, allowing light collection from both facets of the cell [See Figure 1 (a)]
can considerably enhance the rate of photo-generation and enhance sc J (short-circuit current), resulting finally in a significant efficiency improvement [44] [45] [46] . Their performance is primarily dependent on the increase of generation current from rear side and bifaciality factor (ratio of rear to front current response). At the module level, an energy efficiency improvement of 54% by employing highly reflective albedo material has been demonstrated for regular bifacial SC [47] . On the other hand, bifacial cells coupled with plasmonic structures can further increase the light absorption capability, thereby, leading to high efficiency and consequently low-cost of energy.
Considering the need, this study proposes a Schottky-junction solar cell using the synergistic effect of plasmonics and bifaciality through an opto-electronic device design.
Computational Methodology
Recent studies suggest the advantage of using a metal-semiconductor based design, the so-called Schottky-junction, as a basis for photovoltaic devices enhanced by the plasmonic effect [22] . These junctions consist of an active semi-conducting material (Silicon, for example) of nThis article is protected by copyright. All rights reserved or p-type, sandwiched between two plates of metals with different work functions (e.g. gold and silver). A spatial charge zone is thus created at the interface between materials, resulting in a Schottky barrier of height B  , as schematized in Figure 1 (b). In this study, the used silicon is of n-type, so the height of the barrier is given by Additionally, the second (bottom) interface is characterized by the built-in potential, and in order to make ohmic contact, band alignment constraint must be satisfied by ensuring the following criteria 
where J is the current density across the junction, 0 J is the saturation current density, V is the voltage across the junction, This article is protected by copyright. All rights reserved is the strongest and where the future power plants are more likely to be built). This allows for higher efficiency from the second face of the SC, and an increased yield of the overall cell.
To compute the optical profile in the cell due to solar irradiation, COMSOL Multiphysics computer codes were used [49] . A 2D periodic array of plasmonic meta-atoms (with periodicity of 1 m) was considered, and Floquet periodicity was assumed in the x -direction (as can be seen in Fig. 1(a) ). An impinging plane-wave with broad spectrum (300-1300 nm), polarized along the x -axis is used for the excitation of the structure. The optical properties of each material are extracted from experimental data [50, 51] and COMSOL's interpolation algorithm is employed. The generation rate is integrated with respect to wavelength and plotted in Fig. 3 (b). The convergence of each simulation is verified by convenient tailoring of the mesh.
For analyzing the electrical functioning of the bifacial Schottky SC, the J -V characteristic is computed using the Solar Cell Capacitance Simulator software (SCAPS). It is a one-dimensional (1D) drift-diffusion solver. To use it for higher dimensional structured systems, the carrier diffusion length must be higher than the scale of corrugation. If this condition is satisfied, carrier transport across the layers ( xy  plane) can be averaged and the 1D calculations are performed along the direction between the contacts ( z -axis). For the studied system, this is the case as the routinely obtained diffusion length of electrons and holes in Si is around 200  m [10] while the used grating is in  m scale. SCAPS solves the electrostatic equations with continuity conditions across the SC by taking the absorption and generation rate from the optical simulations.
That is
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the total current is = np  j j j and  and D are the mobility and diffusion coefficients. The electrical parameters of the materials are assumed to be same as in Ref. [22] . The optical and electrical models are then coupled to form a mutli-physics model for bifacial schottky solar cell.
This assists in analyzing the optical impact of grating geometry as well as the carrier generation and transport in the complete device.
The proposed cell's geometry is depicted in Figures to allow for SPP excitation at both facets of the cell. The design is assumed to be extended to infinity in the y -direction, but a periodicity in that direction could be created in a similar way.
Based on the maximum absorption, thickness of the absorber was taken as, 0 =3 t  m. Here the electric field is polarized along the periodicity direction ( x -direction). All optical parameters of the materials (semiconductor absorber and metallic contacts), i.e. their refractive index [50] and optical conductivity [51] are taken from available experimental data [48] . We assume that the parameters of the gratings such as the filling fractions could be different, and are based on experimental capabilities [52] .
This article is protected by copyright. All rights reserved and is compared to the one obtained using global tilt. These experimental data can be approximated by the spectral irradiance of a 5800 K black-body (Sun's surface temperature), described by we consider that our incident electromagnetic powers are approximated by Eq. (7).
Results and Discussion

Optical simulations
The albedo of the surface is the ratio of the reflected light intensity to the total incoming solar radiation intensity. It has both directional and spectral dependence for any specific type of material [47] . Figure 2(b) shows the hemispherical spectral albedo of materials that are typical for PV installation environment such as grass, snow, sand dune, water and red bricks [48] . This article is protected by copyright. All rights reserved . These graphs reveal that considerable enhancement of the absorption can be achieved for the two geometries of interest, especially when the filling fractions are equal to 0.5. However, by optimizing the geometry and the thickness of Si, and by adding a bottom metallic layer, it is possible to obtain total light absorption; this is the well-known perfect (coherent) absorption and is equivalent to the phenomena observed in laser techniques [53] . ) is significantly enhanced thanks to the plasmonic effect (strong light absorption) as well as the bifacial operation (allowing more incoming power). It can be noticed that for the set of geometrical parameters that we use, the This article is protected by copyright. All rights reserved photo-generation shows an asymmetric behavior (being larger at the gold interface side), because albedo intensity (from Ag side) is weaker than the direct light (from Au side).
Electrical simulations
Photovoltaic solar cells are mainly characterized by their efficiency i.e. the fraction of power (incoming from the sun) that they convert into the electric power. Bifacial SC are able to convert light from both sides, front and rear, whereas monofacial SC only harness the light from the front side. The useful albedo portion of the incoming light does not contribute to power generation in monofacial SC. Therefore, the normalized output 
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where X is any opto-electronic parameter of the device under front, rear and bifacial illumination mode. This article is protected by copyright. All rights reserved and 100% implying that the rear side performs similar to the front side. Also, it can be deduced that the device does not undergo additional losses when shined from rear side due to higher BF. Short circuit current, sc J , has a BF of 84% which is primarily due to less absorption of light and hence photo-generated carriers from the rear side albedo illumination. Correspondingly,bifaciality factor of efficiency was found to be 84%. On the other hand, Figure 5 (b) shows that the main gain was due to current generation. BG for sc J was found to be 88% by designing the proposed Schottky cell architecture and introducing plasmonic gratings.
Geometric Simulations
A parametric study based on filling fractions of front and rear contacts was carried out to analyze the optimal geometry. Figure 6 shows the normalized output with one sun illumination, the rear side layer, we were able to enhance light absorption and current density. As shown in the previous sections, the geometry of the Schottky cell is well-suited for the plasmonic enhancement (of the photo-generation process), since the metal grating can be used both as a contact and a junction (Schottky barrier). In these calculations, the used absorber was Silicon, and thanks to the bifacial configuration (that allows for light collection from both sides of the SC), 85% enhancement in short circuit current was achieved, despite the low absorption coefficient of Si.
Conclusion
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We performed numerical investigations for ultra-thin Schottky bifacial photovoltaic solar cells coupled to (periodic) plasmonic gratings for highly-efficient light trapping and confinement.
We have demonstrated that using bifacial design, i.e. collecting light from both facets of the cell,an impressive 88% enhancement of the short-circuit current can be achieved with a bifaciality factor of 84%. This results in a normalized efficiency of 25% that significantly exceeds the 15% efficiency achieved in monofacial Schottky SC [22] .
The observed enhancement is akin to the peculiar characteristics of plasmonic arrays, that result in strong photonic scattering, which increases the coupling into the Si (thin film) layer, at both faces. Finally, due to its simplicity, the SC design proposed here can be realized experimentally quite easily and will help increase the efficiency and reduce the cost of Schottky-based PV devices.
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